By employing an electrochemical technique incorporating magnesia-stabilized zirconia electrolyte, the activities of iron oxide, Fe x O, were measured in magnesiowüstite, Fe x O-MgO solid solution, in equilibrium with solid metallic iron at temperatures between 1373 and 1573 K. The sub-regular solution model was applied to the Fe x O activities, and the calculated Fe x O activities were in good agreement with the experimental values in this study and the literatures at temperatures between 1073 and 1573 K with an accuracy of AE0:02.
Introduction
Magnesium oxide, MgO, is one of the important components of blast furnace slag. For better understanding the activity of iron oxide, Fe x O, in blast furnace slag, it is essential to estimate the interaction between Fe x O and MgO. Hahn and Muan 5) determined the chemical potentials of Fe x O at 1373 and 1573 K by using gas equilibrium technique involving CO 2 þ H 2 . Open circles in Fig. 2 express their values.
Half-filled triangles in Fig. 2 show the Fe x O activities in Fe x O-MgO solid solutions in equilibrium with pure solid iron, investigated under a stream of H 2 þ H 2 O at 1123 K by Berthet and Perrot. 6) Electrochemical measurements involving CaO-stabilized zirconia as a solid electrolyte and a two-phase mixture of Fe + pure Fe x O as a reference electrode were conducted in order to determine the Fe x O activities in magnesiowüstite in contact with solid iron at temperatures between 1073 and 1373 K by Abbattista et al. 7) (solid squares in Fig. 2 ). By employing both an electrochemical technique (solid triangles in Fig. 2 ) and a gas equilibrium method (open triangles), the activities of Fe x O in Fe x O-MgO solid solutions in equilibrium with metallic iron were measured in the temperature interval from 1050 to 1400 and at 1573 K by Srecec et al.
8)
The literature data for Fe x O activities were in good agreement with each others at temperatures between 1073 and 1273 K. Agreements, however, were not satisfactory among the values of Fe x O potentials reported at 1373 and 1573 K, respectively. Therefore, in this study, the activities of Fe x O in magnesiowüstite were measured at temperatures between 1373 and 1573 K, in order to estimate the dependence of the Fe x O potential on temperature. Fe x O-MgO solid solutions were brought into equilibrium with pure solid iron, and the equilibrium oxygen partial pressures were measured by means of a solid-oxide galvanic cell: The compositions of the Fe x O-MgO solid solutions were determined by wet chemical analysis. The mole factions of Fe x O, X Fe x O , were calculated by using a manner described elsewhere.
Experimental Aspects
9)
The experimental apparatus and procedures have also been described elsewhere. 9) An iron crucible was charged with 2 to 4 g of the Fe x O-MgO solid solution and 35 g of pure silver, and heated to the experimental temperature under a stream of purified argon inside a SiC resistance furnace. The gas purification train consisted of silica-gel, phosphorus pentoxide and magnesium chips held at 823 K.
The electrochemical oxygen probe, Mo/Mo þ MoO 2 = ZrO 2 (MgO), consisted of a zirconia tube and a two-phase mixture of Mo þ MoO 2 . A molybdenum rod of 3 mm diameter was used as an electrical lead to the reference electrode, which consisted of four parts Mo and one part MoO 2 by weight. The electrical contact to the outer electrode of the zirconia probe was made by the liquid silver and a steel rod soldered to the iron crucible. The use of dissimilar electrical connectors required a correction for the thermoelectromotive force of the steel-molybdenum couple.
10) The zirconia tube used in this study had satisfactory resistance to even Fe x O-containing liquid slags, as already reported elsewhere. 9) In this study, the oxide phase occurred at solid state, hence, reaction was negligible.
The open-circuit emfs of the oxygen probes were monitored on a strip-chart recorder of 2 M internal impedance with an accuracy of AE0:1 mV. The emf values could also be read with a digital voltmeter of 100 M input resistance with an accuracy of AE0:01 mV. Emf readings were continued until the values became stable, and the reproducibilities of cell potentials were confirmed by temperature cycling.
Temperatures were measured with a Pt-PtRh13 thermocouple and controlled to AE1 K by using a control thermocouple and PID-type temperature regulator.
Experimental Results
The experimental results are summarized in Table 1 , and Fig. 3 shows the measured values of emfs as functions of temperature.
The oxygen partial pressures of the Fe x O-MgO solid solution in equilibrium with solid iron, P O 2 , can be calculated by 11) 
where E is cell voltage, R is the gas constant, T is temperature, F is the Faraday constant, E t is thermo-emf between Mo (positive) and Fe (negative), and P e is the oxygen partial pressure at which the ionic and the n-type electronic conductivities are equal. Values for this parameter for the magnesia-stabilized zirconia tubes used in this study have been reported elsewhere. 12) logðP e =PaÞ ¼ 2:54 Â 10 À 6:45 Â 10 4 =ðT=KÞ ð3Þ
The oxygen partial pressure at the reference electrode, P O 2 ðref.Þ, was calculated by using the authors' previous results. 
where P O 2 hFe x Oi is the equilibrium oxygen partial pressure of the mixture of pure solid iron and pure solid Fe x O, as given by the formula 10) logðP O 2 hFe x Oi=PaÞ ¼ 1:17 Â 10 À 2:74 Â 10 4 =ðT=KÞ ð6Þ
Discussion
The mole ratios of Fe 3þ /Fe 2þ in Fe x O-MgO solid solutions in equilibrium with solid metallic iron and values of x in Table 1 were considered to change slightly, depending upon temperature. In this study, however, the compositions of Fe x O-MgO solid solutions were determined only after preparations at 1573 K, and are superimposed on the isothermal section of the ternary system of stoichiometric FeO, Fe 2 O 3 and MgO at 1573 K, 14) shown in Fig. 4 . In order to estimate the dependence of the Fe x O potential on temperature, the sub-regular solution model was applied to the activity coefficient of Fe x O in Fe x O-MgO solid solutions in equilibrium with solid metallic iron:
where parameters and depend on temperature only. By using the least squared method to all the data for Fe x O activities determined in this study and the literatures, parameters and could be derived as follows: 
The Fe x O activity-composition relationships at 1573, 1473, 1373, 1273, 1173, 1123 and 1073 K were calculated by using eq. (10), and are expressed by the solid curves in By applying the sub-regular solution model to Fe x O-MgO solid solution, the activity coefficient of MgO was also given as: 
where E and E denote the voltages of the galvanic cells: 15) These authors reported nearly ideal behavior. In general, with an increase in temperature, activities would approach ideal solutions. Hence, the difference is not surprising. 
Conclusions

